Abstract. Nitrated polycyclic aromatic hydrocarbons (NPAHs) are a family of toxicants wide spreading in the environment. In this study, quantitative structural-activity relationship (QSAR) models were developed for the prediction of mutagenicity of NPAHs. Structural descriptors were screened and multiple linear regression (MLR) were performed for developing the QSAR models. Totally 1706 descriptors were obtained based on structural optimization using density functional theory (DFT) at the CPCM-B3LYP/6-311+g (d,p) theoretical level in water. External and leave-one-out cross validation were performed to confirm the predictive ability and the models robustness, respectively. Totally 33 QSAR models were generated using one to eight descriptors, in which the model consisting of 4 descriptors, including E elec , SIC2, RDF040v and GATS4v, has the highest correlation coefficient (R 2 =0.8755). This study will contribute to not only the prediction of the mutagenicity of NPAHs, but also the development of QSAR modeling methods of toxicants.
Introduction
Nitrated polycyclic aromatic hydrocarbons (NPAHs) are derivatives of polycyclic aromatic hydrocarbons (PAHs) containing at least one nitro group on the aromatic benzene ring widely spreading in the environment. NPAHs can be generated by incomplete combustion and pyrolysis of fossil fuels and biomass, such as exhaust gases from gasoline and diesel engine combustion, certain food processing involving roast or fumigation, household stoves or heaters, solid waste incineration and natural fires. [1] NPAHs can also be produced by photochemical reactions in atmosphere of PAHs with gaseous oxidants, including NO 2 , N 2 O 5 , O 3 , OH radicals and NO 3 radicals. Because of their close association with particulate matter and ubiquity in polluted air, NPAHs have arosen great concern and have been analyzed in the atmosphere of different areas in the world.
The physiological activity of NPAHs, including acute/chronic toxicity, mutagenicity, teratogenicity and carcinogenicity, has been extensively explored in a great deal of studies using various in vitro test systems, such as biomolecules, bacterial strains, mammalian cell lines, and in vivo systems (fish, mouse, rats and so on). [2, 3] The mechanisms of toxicological effects of NPAHs are involved in P450-catalysed metabolic activation, DNA adduct formation, aryl hydrocarbon receptor activation and so on. [4, 5] Although a number of in vitro and in vivo investigations have been performed to elucidate the mutagenic mechanisms of NPAHs, great efforts are still needed to clarify the relationship between the diverse molecular structure of NPAHs and their complex toxicological effects. In this study, models for the quantitative structural-activity relationship (QSAR) were established using multiple linear regression (MLR) for predicting the mutagenicity of NPAHs. This study will contribute to the avoidance of laborious, costly and time-consuming processes of experimental study on the mutation of hundreds of NPAHs by linking the physical/chemical properties with the biological activity of compounds.
Materials and Methods

Experimental Data
In the present study, the dataset used for modeling is comprised of 48 NPAHs with reported experimental mutagenicity in TA100 strain of Salmonella typhimurium obtained from bacterial Ames test. [6, 7] The information of all NPAHs, including names, CAS numbers and experimental data, is listed in Table 1 . The dataset was randomly divided into the training set (consisting of 32 compounds) for model construction and the test set (consisting of 16 compounds) for model validation by external prediction. 
Geometry Optimization and Molecular Descriptors
The three-dimensional molecular structures were built using GaussView software. Full geometry optimizations were performed by density functional theory (DFT) methods with Becke's threeparameter hybrid method of Lee, Yang, and Parr correlation functional (B3LYP) at the 6-311+G (d, p) theoretical level. In order to simulate the intracellular aqueous environment, the geometric structures were optimized by employing the conductor-like polarizable continuum model (CPCM) in water. The vibration frequency calculations were performed to verify that the optimized structures were the global minimum. All calculations were performed with Gaussian 09 program package. Based on the optimized geometries, 14 quantum-chemical structural descriptors were obtained, including energy of the highest occupied molecular orbital (E HOMO ), energy of the lowest unoccupied molecular orbital (E LUMO ), energy of HOMO-LUMO gap (E GAP ), formation heat (H), total potential energy (E elec ), dipole moment (d), molecular diameter (a 0 ), molecular volume (V), electronegativity (χ), chemical hardness (η), RMS Gradient Norm (RMS), chemical softness(σ), dipole moment (μ) and electrophilicity index (ω). Based on the optimized structures, 1666 molecular descriptors were generated by E-Dragon software and were subdivided into 20 logical blocks, including constitutional descriptors, functional group counts, atom-centered fragments, topological descriptors, walk and path counts, connectivity indices, information indices, 2D autocorrelations, edge adjacency indices, BCUT descriptors, topological charge indices, eigenvalue-based indices, geometrical descriptors, 3D matrix-based descriptors, RDF descriptors, WHIM descriptors, GETAWAY descriptors, Randic molecular profiles, molecular properties, and charge descriptors. Another 26 descriptors were obtained from ChemBioOffice package and Molinspiration Property Calculator. A total of 1706 molecular descriptors were obtained to construct a quantitative structure-activity relationship (QSAR) model for predicting the mutagenicity of NPAHs.
Variable Reduction
Before QSAR modeling, variable reduction was performed to eliminate the redundant dexcriptors by removing the descriptors missing for at least one compound or showing little or no discrimination within all compounds. As a result, the total descriptors were reduced to 1306. To ensure the quality of developed models, the descriptors with an absolute Pearson correlation coefficient to biological activity (|r|) below 0.7 were excluded, which execute a more conservative level of |r| ≤ 0.3 reported by Luana et al [8] . And then the descriptors were further screened to remove those with high autocorrelation but relatively low correlation with the mutagenicity. According to the suggestion by Topliss and Edwards [9, 10] , only one descriptor was retained among those descriptors with intercorrelation values of r 2 ≥ 0.8 for reducing the probability of spurious correlations. Finally, as listed in Table 2 , three quantum-chemical descriptors (E elec , a 0 and ω) and eight Dragon descriptors, which have correlation coefficients to logTA100 values higher than 0.7 without autocorrelation, were screened out for the QSAR modeling. 
Model Development and Validation
In this study, the QSAR models were built by multiple linear regression (MLR), which has been proved to be a multidisciplinary approach applicable for establishing linear predictive models. [11, 12] The dataset was split into the training and the test set, and the test set was used to validate the models developed by the training set. To ensure the quality of the obtained QSAR models, internal and external validations were performed to confirm the reliability, robustness and stability of the models by examining the values of correlation coefficient (R 2 ), root mean square error (RMSE) and Q 2 LOO after leave-one-out cross validation (LOO-CV). The values of R 2 and Q 2 were calculated according to equation (1), where ̂, and ̅ were the predicted, experimental and average of predicted logTA100 values, respectively. The values of RMSE indicating the errors in internal and external validations were calculated by equation (2), where ̂ was the predicted values and was the experimental values. And was the number of samples.
(1) Table 3 . Different numbers and combinations of the descriptors used for QSAR modeling.
Model
No.
Number of descriptors Descriptors 
Result and Discussion
As listed in Table 3 , totally 33 QSAR models were constructed by MLR based on different numbers and combinations of the 11 descriptor screened by correlation analysis. For the 4 models consisting of only one descriptor, relatively low correlation (R 2 < 0.6) and high dispersion (RMSE > 1.1) were observed, which meant that the one-descriptor models were unqualified for predicting the mutagenicity of NPAHs. Therefore, more descriptors are required for the construction of the QSAR models. LOO-CV is frequently used for evaluating the predictive ability of a statistical model, and the squared correlation coefficient Q 2 LOO is an important parameter reflecting the quality of the model. [13] According to the previously reported studies, the QSAR models were acceptable with the values of R 2 and Q 2 were higher than 0.6. [14] In this study, the values of R 2 and Q 2 are higher than 0.7 in the models consisting of more than 3 descriptors, which suggests that the number of the descriptors has significant effect on the quality of models. As shown in Figure 1 
Conclusion
In this study, MLR method was used to establish QSAR models for predicting the mutagenicity of NPAHs. Based on the molecular structures and the experimental logTA100 values of 48 NPAHs, 11 descriptors were screened out from the 1706 descriptors generated from DFT geometry optimization and Dragon programme after variable reduction and correlation analysis. Using the 11 descriptors, 33 QSAR models were established, and then internal and external validations were performed to evaluate the quality of the obtained models. Finally, the QSAR model consisting of RDF040v, SIC2, E elec and GATS4v was supposed to be reasonable for predicting the mutagenicity of NPAHs. This study will not only contribute to the prediction of environmental exposure risk of toxicants, but also will assist in revealing the mutagenic or carcinogenic mechanism of PAHs and related environmental pollutents.
